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ABSTRACT 

'H and I3C nuclear magnetic resonance spectroscopy has been systematically ap lied 
to the characterization of delayed coking eedstocks (petroleum residues) as we% as 
liquid products (naphtha distillate, oils) and solid products (coke) to evaluate the 
and extent of the crackini, polymerization and condensation reactions taking place. a 
results, combined with gas chromatography, elemental analysis and pilot plant data, yield 
mass balances at the atom-type level. A substantial increase in aromatic type carbons (40 
wt%) occurs (for a particular feedstock), primarily at the ex ense of na hthenic type 
carbons (35 wt%), and is accom anied by a significant re&ction in $e number of 
protons attached to aromatic car&,, (80 wt%). This methodology can be used to 
measure the severity of delayed coking and to estimate product yields and compositions. 

INTRODUCTION 

Dela ed coking is the most widely used process for the conversion of petroleum 
residues$). Residues are pumped through a coker heater, where the temperature is raised 
to 450-500 O C in a short period of time, and then fed into one of two coke drums 
(adiabatic reactors). Cracking, polymerization and condensation reactions, initiated in the 
heater, proceed forming vapors (gases, naphtha, oils) that leave the reactor and are sent to 
a fractionation tower. A lughly viscous carbonaceous material remains in the drum and 
fiiall is aansformed into a solid product (coke) which can be used (depending upon 
spec&cations) as fuel or as filler for the production of carbon anodes (aluminum 
indushy) or arc-elecmc furnace electrodes (steel indusny)('2). 

Delayed coking feedstocks (vacuum and conversion petroleum residues) contain 
mainly aromatic hydrocarbons with aliphatic substituents, paraffins, naphthenic 
compounds and heteroatoms (mostly in heterocyclic compounds). The aromatic 
components are the network members of the final coke structure: higher aromatic 
contents give more extended aromatic arrangements and consequently better coke quality 
due to more ordered domains of oriented molecules(3). On the other hand, reactivity of 
these feedstocks is related to the number of substituents attached to the aromatic 
Compounds: high aromaticity with only a few substitutents (coal tar itches) corresponds 
to low reactivity and moderate aromaticity with many substituents Jacuum residues) to 
high reactivity. A balance is desired for optimum carbonization(4). 

Nuclear magnetic resonance ('H and 'fc NMR) is a, powerful technique to, evaluate 
delayed coking feedstocks and the corresponding carbornanon process, due to its abllity 
to elucidate basic constituents present in these materials. 13C NMR provides direct 
measurement of the types of carbon atoms which determine the yrolysis chemistry(s). 
Quantitative informanon is obtained by integrating line intensities. L e s e  are proponional 
to the number of carbon atoms of each type(@. With additional information from IH 
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NMR average molecular arameters can be derived, and even structural configurations 
can G drawn (only u s e d  as dustrative ' tools because these materials embrace a large 
range of organic molecules as indicated by the broad molecular weight spectra). This 
constitutes a sound basis for understanding carbonization mechanisms and for comparing 
different delayed coking feedstocks. 

EXPERIMENTAL 
Delayed coking products were obtained in a thermal conversion ilot plant with a 4 It. 

reactor capacity operating in continuous up-flow mode at 1500-2008gh, 60-140 psig and 
internal temperature profiles between 400-500 ' C. Gas product was monitored by gas 
chromatography every 20 minutes and the weighted avera$e reported. Liquid product 
collected during operation was characterized and later distded in consecutive ASTM 
D-86 and D-1160 assa s to yield four fractions: na htha (IBP-400 F), distillate (400-650 
F), light oil (650-800 6) and heavy oil (800 F+). Eoke was recovered after cooling the 
reactor. 

y t ra  were obtained at 75.468 MHz in a 10 mm probe, using a gated program wlth 
ecoupler on during ac uisition and off during the rest of the experiment to suppress the 

Nuclear Overhauser E8ect. Relaxation times of 5 to 10 seconds were used, 45 pulse 
angle (correspondmg to 5 p pulse m e )  and 31 p for dead tune delay. Resoluuons of 
about 1.3 Hz were achieved with receiver gains of 10-30. Li uid 'H Nh3R spectra were 
obtained at 300 MHz in a 5 mm probe with re ated pulses 01 6.1 p. Band assignments 
for integrating atomic grou s were selected g m  the extended consensus in the field 
(reference to TMS ~tandard$*~-~): 

13C NMR 'H NMR 
Aromatics 110-160 ppm Aromatics 6.5 -9.0 ppm 
-protonated 110-130 ppm -single ring 6.5 -7.25 ppm 
-quaternary 130-160 ppm -multi. ring 7.25-9.0 ppm 

Aliphatics 5- 60ppm Aliphatics 0.5 -4.0 ppm 
-paraffinics 5- 25 ppm + -terminalCH, 0.5 -1.0 ppm 

25- 60 ppm peaks -internal 1.0 -1.8 ppm 
-naphthenic 25- 60 ppm envelope -a aromatic C 1.8 -3.8 ppm 

Olefinic 80-100 ppm Olefinic 4.5 -6.3 ppm 
Gas chromatography data were convexted to a similar atom type distribution. Solid 

state MAS iT/C/'H cross-pola+ation spectra (for cokes)(9-'O) were obtained a 75.473 
MHz and 3500-4000 rpm sp-g mes with a proton enhanced pulse program 
P-). 

NMR spectra were collected in a Bruker 300 MSL spectrometer. Liquid I3C 

RESULTS AND DISCUSION 
Pilot plant data include the distribution of roduct yields and basic characteristics of 

feedstocks and products (Table 1). 1H and NMR spectra for feedstocks and liquid 
products are presented in Figures 1-6. 

e 7. It shows an aromatic 
carbons peak at the center (100-150 ppm) and two paus ozde-bands. This indicates 
that only quaternary aromatic carbons and protonated aromatic carbons (that have been 
calculated to match C/H ratios) are present. 

NMR dam have been integrated into a weighted distribution (Table 2) and is 

A solid state NMR.spectrum for coke is presented @ F 
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compared with the feedstock analysis (Table 3) to determine the differences and to 
calculate changes (defined by Difference*lOO/Fedstock). 

It is observed that a significant increase in aromatic carbons (39.4 wt%) occurs, 
mainly at the expense of a reduction in the naphthenic carbons (-35.0 wt%) with small 
changes in protonated aromatic carbons (8.5 wt%) and paraffinic carbons (-3.8 wt%). 
This can be interpreted to mean that the main pol merizationkondensation mechanism 
involves aromatization of naphthenic rings attacged to aromatic rings (in this case 
probably in a 111 ratio). 

Also, the substantial reduction in protons attached to aromatic carbons ( m a d  in 
multiple ring systems) suggests that the carbonization reactions in the liquid pgase 
(leadmg to coke formation) proceed through benzyl type rdca ls ,  while m the,vapor 
phase, cracking reactions substantially reduce the sue of the molecules, brmgmg 
complex high boiling compounds (present in the feedstock) down to lighter molecules 
(gas, naphtha, oils). 

CONCLUSIONS 

A systematic a plication of I3C and 'H NMR analysis to delayed coking feedstocks 
and products ren& in a quantitative evaluation of the polymerizationkondensation 
reactions and can be used as a measurement of the severity of the process and to estimate 
product composition. 
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Table 2. Distribution of proton and carbon atoms in delayed coking products 

Atomgpc Gar Naphtha Distillate Ltght Oil Heavyoil Coke 
WtB MB W% MB MB WB 

CARBON 
Aromatic 
-pmtonaled 
-9w=mary 
Aliphatic 
-paraflinic 
-naphrhcnic 
O l d i e  

PROTON 
Aromatic 

-multiple 
Aliphatic 
-terminal 
-internal 
-a m m .  C 

O l e f i e  

-singe 

8.12 
0.00 
0.00 
0.00 
7.64 
7.64 
0.00 
0.48 

1.98 
0.00 
0.00 
0.00 
1.88 
1.58 
0.31 
0.00 
0.06 

21.54 23.01 10.67 6.80 17.28 
4.27 6.14 4.18 3.26 17.28 
2.13 2.95 2.10 1.73 2.16 
2.14 3.20 2.07 1.53 15.12 

17.28 16.87 6.50 3.55 0.00 
13.83 10.14 4.03 2.36 0.00 

0.00 0.00 0.00 0.00 0.00 

3.06 3.05 1.26 0.74 0.18 
0.12 0.17 0.19 0.13 0.18 
0.07 0.11 0.06 0.03 0.00 
0.05 0.07 0.13 0.10 0.18 
2.83 2.83 1.04 0.59 0.00 
1.15 0.84 0.24 0.12 0.00 

3.45 6.72 , 2.47 1.19 0.00 

1.47 1.57 0.58 0.34 0.00 
0.20 0.41 0.22 0.13 0.00 
0.11 0.06 0.03 0.01 0.00 

Table 3. Atom typc balmas in delayed coking reactions 

Atom type k d  Pmduns Differcnce Change 
M'XO MB 6 40 

CARBON 
Ar o rn a I i c 
-pmmnated 
-9m*mary 
Aliphatic 
- p d h i c  
-naphthenic 
Oldinie 

PROTON 
Arolnatlc 

-multiple 
Aliphatic 
-tCrminal 
-intCmal 
-aMrm.C 
O l m c  

H2 

-singe 

85.99 
25.19 
10.20 
15.00 
60.79 
39.50 
21.29 
0.00 

10.98 
3.89 
1.11 
278 
7.09 
214 
4.37 
0.58 
0.00 

87.43 
35.13 
11.07 
24.05 
51.82 
37.99 
13.83 
0.48 

10.26 
0.80 
0.27 
0.53 
9.17 
3.93 
4.27 
0.96 
0.27 

0.03 

+ 1.44 
+ 9.93 
+ 0.87 
+ 9.06 

. 1.51 
- 7.46 
+ 0.48 

~ 0.72 
- 3.09 
- 0.84 - 225 
+ 2.07 
+ 1.79 
- 0.10 
+ 0.38 
+ 027 

+ 0.03 

~ 8.97 

+ 1.68 
+39.42 
+ 8.53 
4.40 
-14.76 
- 3.82 
-35.04 
+ 
- 6.56 
-79.52 
-75.85 
40.98 
+29.21 
G3.52 
- 222 
45.37 

+ 
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